The naphthalene sublimation and the liquid crystal technique are two methods being used for measurements of the heat transfer coefficient on turbine airfoils. In this paper the results obtained with the two methods for the same compressible flow conditions are compared. The measurements were performed in a free jet test facility on a flat plate and a cylinder. The free stream Mach number ranged from M=0.4 to 0.8. The naphthalene sublimation technique was applied to obtain the local Nusselt number, based on the Sherwood number, applying a new analogy function (Haring, Weigand (1995)). These results were compared with measurements on the same test arrangement using the transient liquid crystal technique. A good agreement between the two measurement techniques and correlations was found for the entire Mach number range. An application of both techniques on a turbine airfoil confirmed this observation. The sublimation technique was also applied to measure the local heat transfer coefficient on a turbine vane at exit Mach numbers up to M=0.9 and exit Reynolds numbers up to Re=1.8e6. The experimental results were compared with the two dimensional boundary layer code TEXSTAN (Crawford, 1986).
Test facility and measuring equipment

Wind tunnel
The measurements were conducted in a free jet test facility with an opening diameter of 0150mm as shown in Fig. 1 . The test facility is supplied from a continuously running air source delivering a mass flow up to 10 kg/s with a maximum pressure ratio of 3.5. Total pressure and total temperature are measured in the settling chamber. The turbulence intensity was obtained with a hot wire probe of 5 µm diameter in conjunction with a DANTEC 55M10 anemometer system. The probe was located 80 mm behind the outlet and the turbulence intensity was measured to Tu=0.8%.
Fig. 1 Free jet test facility
Heat transfer measurements were conducted on a flat plate ( Fig. 2 ) and a cylinder (Fig. 3) . For the naphthalene sublimation technique the models were made out of three parts. The center parts are always 0.5 mm smaller in contour to allow the application of the naphthalene layer which is done by dipping the model several times into liquid naphthalene to obtain a coating thickness of more than 5Q0 microns. A subsequent retouching on a milling machine and the lathe respectively gave the same contour as the adjacent parts of the model with a satisfactory surface quality. As shown in Fig. 2 Both the flat plate and the cylinder were mounted on a turning mechanism which allowed a sudden exposure to the flow (t=0.1 s).
naphthalene/liquid crystals
Fig. 3 Cylinder
Naphthalene sublimation technique The local mass transfer coefficient (3 was determined by measuring the local sublimation mass flux m(x,z). After the test model has been coated with a thin layer of naphthalene, the thickness of the layer is measured at designated locations before the test model is installed in the wind tunnel and exposed to the air stream for a period of 30-45 minutes, depending on the test conditions. Meanwhile the readings of the thermocouples and the pressure taps are recorded. Finally the test model is removed from the wind tunnel and installed back in the positioning mechanism (Fig. 4) . The thickness of the naphthalene layer is obtained at the same locations as for the first measurement using a conventional eddy-current probe (device: EDDY-TA3.3;
Helmut Fischer AG, Hunenberg). The accuracy for measuring the thickness in the range from 0 to 500 microns is within 2 microns giving an estimated uncertainty in mass transfer coefficient of 6.5%.
The mass transfer coefficient can be nondimensionalized using the Sherwood number 1 thickness measurement probe 2 coated model 3 Fischerscope 4 step motor controller (rotation) 5 step motor controller (translation)
Fig. 4 Thickness measurement system
The local mass transfer can now be evaluated from the change in naphthalene thickness Ad during the exposure time Dr:
This is used to derive the local mass transfer coefficient 
The partial pressure PD of saturated naphthalene is a function of the surface temperature Tw (Berg 1991 )
where D is the diffusion coefficient of naphthalene in air (Keumname, 1991) . At the same flow conditions, the sublimation mass transfer system is equivalent to a heat transfer system with a constant wall temperature boundary condition. The Nusselt number is then obtained using a new analogy function (Haring and Weigand (1995) ) which is for the laminar boundary layer
where K is a function of the Mach number, the Prandtl number and the gas to wall temperature ratio:
For the turbulent boundary layer flow the analogy function becomes:
Nu r Pr (0.6526+0.07065log,0M)
Sh -` Sc I (8)
Liquid crystal technique
The liquid crystal technique is used via the transient method requiring a sudden exposure of the model to a flow at a different temperature (Ireland and Jones, 1985) . It is assumed that for a certain short testing time the penetration of the heating pulse into the model is small compared to its wall thickness. Hence the heat conduction can be considered unsteady and onedimensional into a semi-infinite solid. A constant wall temperature boundary condition is assumed.
Thermochromic encapsulated liquid crystals sprayed
onto the surface are then used to monitor the wall temperature.
The heat equation for transient conduction in a semi-
With the initial condition
T(x,0) = Ti (10) the interior boundary condition T(oo,t) = Ti (11) and the surface convection boundary condition The data acquisition and evaluation is based on the hue capturing technique using an automated image processing system (Vitronic Wiesbaden, Germany). A complete liquid crystal image is taken in real time at the conventional video frame rate of 25 Hz but only preselected hue values are stored in the random access memory of the computer. The system is explained in figure 5 . The colour lines are recorded with a CCD camera and transferred to a frame grabber card via a RGB signal (R: Red, G: Green, B: Blue). The first frame grabber digitizes the image into an HSI signal (Hue, Saturation, Intensity) and sends it immediately to a second frame grabber card having its own processor. This processor filters the preselected 'H' and 'S' values from the incoming data to reduce the large quantity of pixels. This reduced data amount can be stored in real time in the random access memory of the main computer to be written to a data file later. The data file contains the time, the location of the pixel in x and y direction and the corresponding hue value.
Results and Discussion
Measurements on the cylinder The objective of the measurements on the cylinder was to validate the new analogy function for the laminar boundary layer. For this reason comparisons between the naphthalene sublimation technique and the liquid crystal technique were conducted only in the near stagnation region. As described above the Mach number distribution was measured with pressure taps on the cylinder surface. Fig. 6 shows the measured isentropic Mach number distribution for inlet flow conditions of M=0.1 to 0.6. 
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Fig 5 Image processing system
The uncertainty in heat transfer coefficient has been estimated with standard methods according to Moffat (1985) and was found to be 7.5%. The errors for the initial and total temperatures are estimated to be ±0.15°C
whereas the error for the liquid crystals was estimated to be 0.2 °C. The thermal product of plexiglass is 569 ±29 and the uncertainty in time was determined to be ±0.1 s, which includes the insertion time of the model. 
Fig. 6 Isentropic Mach number distribution on cylinder
The maximum velocity was measured at an angle of cp=75 0 . This angle does not vary with the inlet Mach number and corresponds to the end of the laminar boundary layer which can also be observed in Fig. 7 where the measured Sherwood numbers are presented. The sublimation losses were measured on the entire cylinder to check the symmetry of the measurements. In the laminar boundary layer the heat transfer decreases to the angle of 75°. Here the flow separates or becomes turbulent leading to a sharp increase in heat transfer. This effect could also be seen Most of the data are located between the v. Karman and the Colburn analogy.
To compare with the liquid crystal technique the measured data were least-square fitted and the error margin was indicated. As shown in Fig. 11 a good agreement was found between the measurement data obtained with the two methods. measurements were conducted in a linear test facility (Fig. 12) consisting of five blades. The test facility and the measurement equipment for the naphthalene measurements are described in detail in Haring et al. (1994) . For more information concerning the measurement arrangement for the liquid crystal technique the reader is referred to Hoffs et al. (1995) . The tests were conducted at the same exit Reynolds number whereas the exit Mach number differed slightly being M=0.4 and M=0.47 for the naphthalene sublimation and the liquid crystal technique respectively. The naphthalene measurements were conducted at ambient temperature whereas the gas temperature for the liquid crystal was at 42°C. The experimental data are compared with the numerical results obtained with the boundary layer code TEXSTAN (Crawford (1986) ), using the Lam Bremhorst PTM k-e model (Schmidt and Patankar (1991) 
Fig. 12 Schematic view of the linear test facility
Both the naphthalene sublimation and the liquid crystal technique were applied to measure the local heat transfer coefficient on a turbine airfoil (Fig. 13) . The M2=0.4/0.47, Re2=700'000, Tu =3%) For the pressure side on the later laminar region both measurement methods agree very well and also the calculation gives only little lower values. In the stagnation region the naphthalene sublimation technique gives rather high heat transfer coefficients which is believed to be due to abrasion during the run caused by flow particles. The prediction of the calculation is poor for the stagnation region and also stays quite below the measurement data for the laminar region close to the leading edge. Naphthalene sublimation technique and calculation agree quite well on transition whereas the liquid crystal methode indicates transition at a later point which might be due to the slightly different flow conditions. An additional measurement at high Mach and Reynolds number was performed using only the naphthalene sublimation technique. Also aerodynamic measurements were conducted using pressure taps, holographic interferometry, and S chile ren measurements. Fig. 14 shows the flow field for an outlet Mach number of M 2 =0.98. After a strong acceleration at the beginning of the suction side the velocity increases only slightly. At a distance of s/L=0.8 a shock can be observed. In Fig. 15 the measured Mach number distribution is compared with an Euler code (Denton (1986)). On the pressure side the prediction of the velocity distribution is quite good, whereas on the suction side the code calculates the shock too early. For this test case the sublimation losses were measured in 595 points on the blade surface. The heat transfer coefficient was calculated from the mass transfer coefficient (3 using the new analogy function. M2=0.96, Re2=1'800'000, Tu=2%) Fig . 16 shows the heat transfer measurements for the Mach number distribution shown above. The disturbance of the boundary layer caused by the shock can be seen by a sudden rise in the heat transfer coefficient at point s/L=1.05. The heat transfer coefficient is quite well predicted by TEXSTAN on the pressure side whereas at the stagnation point the calculated values are too high. In the laminar boundary layer on the suction side the heat transfer coefficients predicted by TEXSTAN are below the measurements.
Conclusions
• The naphthalene sublimation technique was successfully used to obtain heat transfer coefficients based on mass transfer measurements in the incompressible and compressible flow range applying a new analogy function.
•
The experimental results obtained with the naphthalene sublimation technique were validated using a flat plate and a cylinder against measurements conducted with the liquid crystal technique. A good agreement was found between the two methods. An additional comparison with well-known correlations showed good agreement.
• Measurements with both techniques on a turbine airfoil showed a good agreement in heat transfer results except for the start of transition on the suction side which was detected earlier by the naphthalene sublimation technique.
• The naphthalene sublimation technique was then applied to measure local heat transfer coefficients on a turbine airfoil at an exit Mach number of M 2 =0.96 (Re2=1.8e6). Flow visualizations with holography and Schlieren were conducted for this case. The calculations show good agreement except for the leading edge region.
